The current drastic shortage of donor organs has led to acceptance of extended-criteria donors for transplantation, despite higher risk of primary nonfunction. Here, we report the impact of subnormothermic machine perfusion (SMP) preservation on the protection of >50% macrosteatotic livers. Dietary hepatic steatosis was induced in Wistar rats via 2-day fasting and subsequent 3-day re-feeding with a fat-free, carbohydrate-rich diet. This protocol induces 50-60% macrovesicular steatosis, which should be discarded when preserved via cold storage (CS). The fatty livers were retrieved and preserved for 4 h using either CS in histidine-tryptophan-ketoglutarate or SMP in polysol solution. Graft functional integrity was evaluated via oxygenated ex vivo reperfusion for 2 h at 37°C. SMP resulted in significant reductions in not only parenchymal alanine aminotransferase (p < 0. 001), but also mitochondrial glutamate dehydrogenase (p < 0.001) enzyme release. Moreover, portal venous pressure (p = 0.047), tissue adenosine triphosphate (p = 0.001), bile production (p < 0.001), high-mobility group box protein-1 (p < 0.001), lipid peroxidation, and tissue glutathione were all significantly improved by SMP. Electron microscopy revealed that SMP alleviated deleterious alterations of sinusoidal microvasculature and hepatocellular mitochondria, both of which are characteristic disadvantages associated with steatosis. SMP could protect 50-60% macrosteatotic livers from preservation/ reperfusion injury, and may thus represent a new means for expanding available donor pools.
Introduction
Liver transplantation (LT) has emerged as a lifesaving option for end-stage liver disease, and widely spread over the world in the last 50 years. However, such increasing and worldwide prevalence of organ transplantation has led to chronic shortages of donor organs (1) , currently necessitating the potential use of extendedcriteria donor (ECD) livers, such as elderly donors, donors after cardiac death (DCDs), and steatotic livers (2) . In particular, much attention has recently been focused on steatotic livers, in parallel to increasing prevalence of nonalcoholic fatty liver disease (3, 4) . Hepatic steatosis is currently estimated in up to 50% of deceased organ donors (5) . However, the use of steatotic livers is associated with a high incidence of primary nonfunction (PNF) or dysfunction, resulting in worse patient and graft survival, concomitant with prolonged intensive care unit/ hospital stays and high medical costs. The degree of steatosis is strongly correlated with the incidence of PNF and graft loss (3, (6) (7) (8) ; therefore, livers exhibiting severe macrovesicular steatosis (>60%) are usually discarded, and the adequacy of moderate (30-60%) macrosteatosis still remains controversial (3) . Moreover, hepatic steatosis has been identified as a negative prognostic factor for hepatitis C virus recurrence (7) , as well as an independent risk factor for postoperative biliary complications (9) .
Steatotic livers are particularly vulnerable to ischemia/ reperfusion (I/R) injury (10, 11) , which is inevitable in the "gold-standard" organ preservation, cold storage (CS). Thus far, microcirculatory disturbance (12, 13) , mitochondrial dysfunction (14) , increased oxidative stress (15, 16) , increased endoplasmic stress (17) , and impaired apoptotic cascade (18) have been reported as the mechanisms underlying the high susceptibility of steatotic livers to I/R injury.
To successfully protect vulnerable fatty liver grafts from I/R injury, and thus to expand available donor pools, development of new preservation techniques is needed. Until recently, there had been no remarkable progress in allograft preservation (19) ; however, normothermic (32-37°C) machine perfusion (NMP) preservation has currently attracted attention as a possible method capable of overcoming the inherent disadvantages of CS by avoiding cold I/R injury (20) . Theoretically, NMP enables continuous delivery of oxygen and nutrients, removal of waste products, as well as viability assessments during preservation (20) . These advantages are reported to improve recipient survival in animal DCD models (21, 22) . However, NMP requires a complex temperaturecontrolled perfusion system, as well as specific perfusates containing erythrocytes or artificial oxygen carriers to maintain liver aerobic metabolism, which has hindered its translation into clinical practice widely. Recently, Tolboom et al reported that oxygen carriers were not necessary in subnormothermic (20-25°C) machine perfusion (SMP) preservation for 5 h (23). Also, Berendsen et al demonstrated that rat DCD livers could be successfully preserved using temperatureuncontrolled SMP without oxygen carriers for 3 h, and could eventually be transplanted with good survival (24) . Moreover, SMP could effectively resuscitate discarded human liver grafts by maintaining liver function with minimal injury, and by improving various hepatobiliary parameters during ex vivo preservation (25) .
Although there have been few studies applying SMP to preserve marginal steatotic livers (26) , the numerous abovementioned advantages of SMP led us to hypothesize that SMP might be able not only to overcome the vulnerability of steatotic livers but also to make more precise assessment on remaining potential of marginal organs based on various functional parameters using simpler systems than NMP. This study was thus designed to investigate whether SMP preservation successfully protects >50% macrosteatotic rat livers from preservation/reperfusion injury compared with the "goldstandard," CS.
Materials and Methods

Animals
Male Wistar rats (250-300 g) (Japan SLC, Inc., Shizuoka, Japan) were housed under specific pathogen-free conditions in a temperature-and humidity-controlled environment with a 12-h light-dark cycle, and allowed free access to tap water and standard chow pellets. All experiments were conducted in accordance with the Animal Research Committee of Kyoto University, and all animals received humane care, in accordance with "Guide for the Care and Use of Laboratory Animals" published by the National Institutes of Health (NIH Publication No. 86-23, revised 1985) .
Dietary induction of hepatic steatosis
Hepatic steatosis was induced according to the modified protocol by Delzenne et al (27) . The rats were fasted for 2 days while having free access to water, followed by refeeding with a fat-free, carbohydrate-rich diet (CLEA Japan, Inc., Tokyo, Japan) for 3 days thereafter. The diet comprised the following components: saccharose (38%), starch (38%), casein (16%), and a mineral and vitamin mix (8%). Resulting fatty livers exhibited diffuse hepatomegaly, and liver/body-weight ratios were significantly higher than normal livers (5.45 AE 0.09% vs. 4.03 AE 0.08%, p < 0.001, Figure 1A and B), as well as significantly increased hepatic triglyceride content (0.157 AE 0.006 vs. 0.042 AE 0.001 g/g-protein, p < 0.001, Figure 1B) . This protocol induced moderate-to-severe macrovesicular steatosis with hepatocellular enlargement and subsequent disturbances in the trabecular architecture cords, as detailed elsewhere (27, 28) . Steatosis induction was confirmed histologically not only by hematoxylin-eosin but also by Oil-Red O staining ( Figure 1C ).
Experimental groups
Steatotic livers were preserved for 4 h either via CS or SMP. For CS, the liver was flushed with 20 mL of 4°C histidine-tryptophan-ketoglutarate (HTK; Dr. Franz K€ ohler Chemie, Alsbach-H€ ahnlein, Germany) solution and immersed in 30 mL of 4°C HTK in a sterile cup. For SMP, the liver was connected to a recirculating perfusion system containing 300 mL of polysol solution at room temperature. After preservation, functional viability of liver graft was assessed by ex vivo normothermic (37°C) reperfusion using the isolated perfused rat liver (IPRL) system.
Liver procurement
The rats were weighed and anesthetized with isoflurane (Escain; Mylan, Osaka, Japan). After midline laparotomy followed by bilateral subcostal incisions, the liver was carefully mobilized from all ligamentous attachments. The animal was subsequently heparinized with 300 IU of heparin (Mochida Pharmaceutical Co., Ltd., Tokyo, Japan). The common bile duct was cannulated with a 24-gauge (G) polyethylene tube (Terumo, Tokyo, Japan), allowing for continuous bile collection. The celiac trunk was cut sharply at its root for later cannulation, whereas its tributaries, namely, left gastric, splenic, and gastroduodenal arteries, were ligated and divided. A 14-G catheter (Argyle TM ; Covidien, Tokyo, Japan) was inserted into the portal vein (PV) trunk, followed immediately by a blood washout with 50 mL of the appropriate preservation solution. Just before the flushout in situ, abdominal vena cava was incised and bled to avoid hepatic outflow blockages induced by high venous pressure. The liver was then removed, weighed, and transferred into a back-table on ice. A 20-G catheter (Argyle TM ) was inserted into the celiac trunk for arterial perfusion, and the suprahepatic caval vein was cannulated with a 14-G short stent. These back-table preparations were completed during a 10-min cold ischemic period before initiating perfusion.
SMP preservation
The machine perfusion system consisted of an organ chamber, a reservoir, and two independent circulations for PV and arterial perfusion, both of which comprised a peristaltic pump (Masterflex L/S, Cole Palmer, Vernon Hills, IL), a membrane oxygenator, and a bubble trap. The liver was perfused both from PV (1 mL/g-liver/min) and from hepatic artery (0.1 mL/gliver/min) at a controlled flow rate. The perfusion pressures of both circuits were continuously monitored using pressure transducer systems (BP-608; Omron Colin Co., Ltd., Tokyo, Japan). The total volume of perfusion solution was 300 mL. Carbogen (95% O 2 + 5% CO 2 ) was used for oxygenation, and the inflow pO 2 was continuously maintained >500 mmHg throughout preservation (29) . The solution returned freely to a reservoir from the suprahepatic caval vein cannula and was recirculated by the pump. The perfusate temperature was uncontrolled but constantly maintained within a range of 20-24°C. Bile was collected throughout the preservation and used to assess liver graft function. Perfusate samples were collected from both PV inflow and suprahepatic caval vein outflow after 10, 30, 60, 120, 180, and 240 min of preservation to determine hepatic oxygen consumption and transaminase release.
Regarding the preservation solution, there is no accepted, standard solution for SMP of steatotic livers to date. Therefore, based on the previous studies (28,29), we employed polysol solution (pH 7.4, 330 mOsmol/kg) in this study, which was prepared by AY Pharmaceuticals Co., Ltd. (Tokyo, Japan) through technical corporation. The solution was originally developed for hypothermic machine perfusion (HMP), containing 1 g% polyethylene glycol (PEG) as a colloid; glucose; various amino acids, such as glutamine, histidine, tryptophan, and arginine; vitamins, such as ascorbic acid and alpha-tocopherol; and buffers, such as N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid. Bessems et al reported that HMP using Polysol resulted in better quality of fatty liver preservation (30) . Moreover, even in CS of macrosteatotic livers, Polysol enabled significantly better graft function and integrity than HTK (31).
Ex vivo normothermic oxygenated reperfusion
Before connection of the liver grafts, the system was rinsed with KrebsHenselite buffer (KHB; K3753, Sigma-Aldrich Inc., St Louis, MO). To account for the slow rewarming process upon liver implantation in vivo, all the livers were transferred and immersed into saline at room temperature for 15 min immediately before reperfusion. Prior to connection to the circuit, the livers were reflushed from PV with 20 mL of saline. Reperfusion was subsequently performed for 120 min at a constant flow of 3 mL/g-liver/min via PV with 150 mL of oxygenated KHB at 37°C, as described previously (32) . According to the standardized conditions in IPRL (25, 32) , carbogen was used for buffering of perfusate and oxygenation, and the prehepatic pO 2 was continuously maintained above 500 mmHg (32) . Although carbogen seems to exert a vasodilatory effect mainly in arterial vessels (33) , its impact on the portal circulation is unclear. Hyaluronic acid (HA) (CAS.9067-32-7; Wako Ltd., Osaka, Japan) was added to KHB solution (1 mg/L) to assess HA clearance.
Both hepatic influent and effluent were sampled at 5, 15, 30, 60, 90, and 120 min after reperfusion for analysis of hepatic oxygen consumption, transaminase release, and HA clearance. Bile production was monitored throughout reperfusion and used to assess liver graft function after preservation. Portal venous pressure (PVP) was continuously measured by a pressure transducer system, which was connected to the PV inflow catheter throughout reperfusion. 
Transaminase release
Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels in the hepatic effluent were analyzed using the standard spectrophotometric method with an automated clinical analyzer (JCA-BM9030; JEOL Ltd., Tokyo, Japan). Glutamate-dehydrogenase (GLDH) was also measured as an index of mitochondrial damage during reperfusion using a GLDH activity colorimetric assay kit (BioVision Inc., Milpitas, CA), and lactate dehydrogenase (LDH) in bile served as an index of cholangiocellular damage (34) .
HMGB-1 release
To quantify comprehensive tissue damage after 2 h of oxygenated reperfusion, the release of high-mobility group box protein-1 (HMGB-1), a damage-associated molecular pattern (DAMP), into perfusate was determined using a specific enzyme-linked immunosorbent assay kit (Shino-Test Corporation, Tokyo, Japan).
HA clearance
Liver sinusoidal endothelial cells (SECs) are the main site of HA uptake and degradation (35) ; therefore, SEC damage results in increased serum HA levels. Thus, HA clearance is an excellent parameter for sinusoidal endothelial function, especially in the IPRL setting, because HA production by other tissues is completely excluded (32) . HA concentrations in perfusate were measured using an enzyme-linked protein assay (Corgenix Inc., Broomfield, CO.), according to the manufacturer's protocol.
Hepatic oxygen consumption
Samples were collected both from the inflow and from the outflow of the liver and immediately analyzed using a blood gas analyzer (Rapid Point 405; Siemens, Tokyo, Japan). The oxygen consumption rates during SMP and reperfusion were calculated using the following equation:
Oxygen consumption rate (lL/min/g-liver) = portal flow 9 S 9 (pO 2inflow -pO 2outflow )/g-liver (S, solubility constant of oxygen in water at 37°C = 0.031 lL/mL/mmHg).
Tissue ATP concentrations
At the end of oxygenated reperfusion, liver tissue samples were snapfrozen in liquid nitrogen and preserved below À80°C until analysis. Tissue adenosine triphosphate (ATP) concentrations were determined by the luciferin-luciferase method with an ATP bioluminescence assay kit (Toyo B-Net Co., Ltd., Tokyo, Japan). The results were normalized to protein concentrations, measured by a BCA protein assay kit (Thermo Fisher Scientific K.K., Yokohama, Japan).
Oxidative stress
After 2 h of reperfusion, lipid peroxidation was analyzed by measuring the tissue concentrations of thiobarbituric acid reactive substances (TBARS) using a commercially available Colorimetric TBARS Microplate Assay Kit (Oxford Biomedical Research, Inc., Rochester Hills, MI). Total glutathione levels in liver tissue, an index of antioxidative potential, were determined using a commercially available Total Glutathione Quantification Kit (Dojindo Molecular Technologies, Inc., Kumamoto, Japan).
Morphological analysis
Light microscopy: At the end of reperfusion, liver tissue samples were immediately obtained from the left lobe, preserved in 4% paraformaldehyde, paraffinized, and cut into 4-lm sections. After hematoxylin-eosin staining, the sections were evaluated via light microscopy.
Electron microscopy: At the end of reperfusion, additional livers from both groups were perfused through PV with 2% glutaraldehyde/4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. After fixation, the samples were cut into 2-mm cubes for transmission electron microscope (TEM) and 1-mm slices for scanning electron microscope (SEM) analysis. For TEM analysis, the samples were postfixed with OsO 4 (osmic acid fixative), dehydrated, embedded in epoxy resin, and heat-polymerized at 60°C, then examined with H-7650 (Hitachi High-Technologies, Tokyo, Japan). For SEM analysis, the samples were postfixed with OsO 4 , dehydrated, substituted and freeze-dried with t-butyl alcohol, and ionsputter-coated, then examined with S-4700 (Hitachi High-Technologies, Tokyo, Japan).
Statistics
All results are expressed as the mean AE standard error of the mean (SEM). Comparisons between the two groups were performed with two-sided Student's t-tests, and two-way repeated-measures analysis of variance with Bonferroni's posttest was used to assess timedependent changes and differences between the groups at each time point. p-value <0.05 was considered statistically significant. All statistical data were generated using Prism 5 (GraphPad Software, Inc., La Jolla, CA).
Results
Liver graft viability during SMP preservation As shown in Figure 2 (A), the perfusate temperature was maintained at 22.5 AE 1°C throughout preservation, the PVP was kept below 3 mmHg throughout SMP, and the arterial perfusion pressure was maintained at approximately 47 mmHg ( Figure 2B ), although the pH gradually acidulated with time ( Figure 2C ). The outflow pO 2 was maintained above 150 mmHg, indicating that the oxygen supply was sufficient to meet the metabolic demands of the livers ( Figure 2D ). Hepatic oxygen consumption remained stable during SMP ( Figure 2E ), and ALT release remained at a low level throughout SMP ( Figure 2F ). Bile was secreted throughout SMP (3.3 AE 0.1 lL/g-liver/ hour).
Liver graft damage and functional recovery upon reperfusion As shown in Figure 3 (A), AST and ALT releases were both significantly lower in SMP-preserved steatotic livers than those in CS (p < 0.001, Figure 3A and B), indicating significantly less hepatocellular damage by SMP. Mitochondrial damage was quantified based on GLDH release. CS-preserved livers exhibited time-dependent increase in GLDH, whereas SMP significantly attenuated GLDH leakage (p < 0.001, Figure 3C ). HMGB-1 release from CS-preserved livers after 2 h of oxygenated reperfusion was more than 15-fold higher than in SMP (9.5 AE 2.3 vs. 149.7 AE 20.8 ng/mL, p < 0.001, Figure 3D) , indicating significantly less tissue damage achieved by SMP.
Regarding liver graft functional parameters, we measured bile production throughout the reperfusion period.
SMP-preserved livers exhibited significantly higher bile production level than in CS (46.2 AE 5.5 vs. 18.0 AE 0.7 lL/g-liver/2 h, p < 0.001, Figure 4A ). LDH leakage in the bile of SMP-preserved livers was significantly lower than that in CS (29.1 AE 8.9 vs. 275.6 AE 65.7 IU/L, p = 0.018, Figure 4B ), indicating less cholangiocellular damage via SMP.
Oxygen consumption and energy charge
As a parameter for functional recovery of the mitochondria and resultant tissue integrity upon oxygenated reperfusion, we measured hepatic oxygen consumption and tissue ATP concentrations. CS-preserved livers exhibited significantly higher oxygen consumption than in SMP (p = 0.026, Figure 5A ). Paradoxically, SMP-preserved livers exhibited significantly higher ATP levels than CS-preserved livers (0.057 AE 0.002 vs. 0.041 AE 0.003 lmol/g-protein, p = 0.001, Figure 5B ), indicating that SMP produced significantly better energy charge with less oxygen consumption than by CS.
Oxidative stress
We determined TBARS levels in liver tissue to assess lipid peroxidation by reactive oxygen species (ROS) upon oxygenated reperfusion. SMP significantly lowered TBARS compared to CS (0.928 AE 0.207 vs. 1.584 AE 0.077 lmol/g-protein, p = 0.037, Figure 5C ). Consistent with these findings, total tissue glutathione, which served as an index of antioxidative potential, was significantly higher in SMP-preserved livers than in CS (0.503 AE 0.002 vs. 0.353 AE 0.002 lmol/g-protein, p = 0.011, Figure 5D ). Given that CS-preserved livers consumed more oxygen while exhibiting less ATP restoration upon reperfusion ( Figure 5A and B), these results indicate that steatotic livers utilize delivered oxygen to promote ROS production rather than to restore energy charge when preserved via CS.
Vascular resistance and sinusoidal function upon reperfusion During reperfusion, PVP, which served as an index of total vascular resistance of liver grafts, exhibited a time-dependent increase up to 9.4 AE 1.4 mmHg in CS. In contrast, PVP in SMP-preserved livers remained at a significantly lower level even at the end of reperfusion (4.7 AE 0.4 mmHg, p = 0.047, Figure 6A ).
Regarding the functional integrity of sinusoidal endothelium, HA clearance in SMP was significantly higher than in CS (3637 AE 253 vs. 2891 AE 232 ng/g-liver/hour, p = 0.029, Figure 6B ). 
Morphological integrity upon reperfusion
Light microscopy: Consistent with the transaminase and HMGB-1 release, hematoxylin and eosin staining demonstrated vacuolization, and sinusoidal obstruction, as well as upstream dilatation around the pericentral acinar zone, in CS ( Figure 7A and C) . However, these changes were significantly alleviated in SMP (Figure 7B and D).
Electron microscopy: To evaluate tissue damage at the ultrastructural level, especially focusing on hepatocellular mitochondria as well as sinusoidal endothelial lining, we performed electron microscopy.
TEM-based ultrastructural analysis demonstrated mitochondrial swelling with less electron density and cytoplasmic vacuolization after reperfusion in CSpreserved livers ( Figure 8A ). These damages were, however, significantly mitigated by SMP ( Figure 8B ). These findings were strongly correlated with lower GLDH release and higher ATP restoration in SMP-preserved livers. Omron Colin Co., Ltd., Tokyo, Japan), which was connected to the portal vein inflow catheter throughout reperfusion. All data are presented as the mean AE SEM in eight livers per group. Differences between the groups were assessed by two-way repeated-measures ANOVA: p = 0.047. (B) HA clearance, which served as an index of preserved SEC function. **p = 0.029 by two-sided Student's t-test (mean AE SEM, n = 7 each). CS, cold storage; SMP, subnormothermic machine perfusion; PVP, portal venous pressure; HA, hyaluronic acid, SEC, sinusoidal endothelial cell; ANOVA, analysis of variance; SEM, standard error of the mean. Figure 9 depicts representative SEM observations of the sinusoidal microvasculature, demonstrating that the fenestrae were fused and enlarged and that the SECs were disrupted in CS ( Figure 9A ). In contrast, the sinusoidal lining and pores therein were both well maintained by SMP ( Figure 9B ), consistent with better HA clearance in SMP-preserved livers ( Figure 6B ). 
Discussion
Hepatic steatosis is a common clinical problem in industrialized countries, currently affecting up to 50% of deceased donor livers (5) . Because >30% macrovesicular steatosis is a well-known risk factor for PNF (8) , considerable numbers of steatotic livers have been discarded without utilization, further exacerbating the critical organ shortage. The decision regarding "transplantable or not" is normally based on the macroscopic (surgeon's decision) or microscopic (pathologist's decision) appearance of steatotic livers (36) . However, this decision is not always correct; therefore, new methods for assessing liver transplantability based on their damage and function have long been desired.
Based on these backgrounds, machine perfusion (MP) preservation has recently become an area of intense investigation. MP preservation is generally classified into the following three categories: hypo-(0-10°C, HMP), subnormo-(20-25°C, SMP), and normothermic (32-38°C, NMP) preservation, according to the target range of tissue temperature (29, 37) . Several investigations have demonstrated the usefulness of HMP for ECD livers both in clinical and in animal models (38) (39) (40) (41) (42) ; however, the usefulness of SMP or NMP for steatotic livers has not yet been determined. In contrast to HMP, SMP and NMP can maintain tissue metabolism during preservation, thereby enabling ex vivo assessments of the potential liver functions, such as bile production and oxygen consumption after organ recovery (43) . In fact, the first case of a human LT using a DCD liver preserved by NMP was recently reported. In this case, liver function and viability were assessed more precisely than before, and a marginal liver graft was successfully salvaged and transplanted (44, 45) . In contrast to HMP and NMP, SMP does not require complex temperature control and may thus be more translatable to clinical practice than the others.
In the present study, we demonstrated that SMP could maintain the morphological architecture of severe macrosteatotic livers both in microscopic and in ultrastructural observation. Electron microscopy demonstrated that SMP could remarkably attenuate the most characteristic vulnerabilities of severe steatotic livers, namely, mitochondrial deterioration and microcirculatory impairment. This was followed by significantly better viability of usually nonfunctioning fatty livers, as evidenced by lower vascular resistance, better-preserved microcirculation, higher mitochondrial function, and resultant higher energy charge, and more bile production.
Among such various benefits by SMP, it is very noteworthy that SMP protected hepatocellular mitochondria from preservation/reperfusion injury, thereby facilitating efficient ATP restoration and preserving the integrity of liver tissues. Mitochondria are the primary cellular sources of ROS, which burst upon reperfusion/reoxygenation (16) . In this study, 4-h CS provoked stronger oxidative stress in steatotic livers ( Figure 5C ), coupled with lower ATP restoration ( Figure 5B ) despite consuming more oxygen than SMP ( Figure 5A ). These seemingly paradoxical results suggest that CS-preserved fatty livers use oxygen to generate more ROS rather than ATP. Because mitochondrial oxidative phosphorylation is essential for restoring ATP, SMP seemed to maintain mitochondrial viability by continuous oxygen supply (46) . Mitochondrial swelling (TEM observation) and destruction (increased GLDH release) were both evident in CS; however, SMP could attenuate such deleterious alterations in hepatocellular mitochondria. Mitochondrial ROS formation induces mitochondrial permeability transition after anoxia/reperfusion, resulting in mitochondrial swelling (47) . Decreased oxidative stress by SMP, therefore, certainly contributed to Figure 9 : Ultrastructural investigation of sinusoidal microvasculature. Photomicrographs of representative tissue sections, which were taken using a SEM. The original magnification was 9 4000. In steatotic livers preserved by CS, the fenestrae were fused and enlarged, and the sinusoidal lining was markedly disrupted (A). However, the sinusoidal wall structures and pores were well maintained by SMP (B). Taken together, these findings indicate that SMP significantly attenuated microcirculatory impairment, one of the most characteristic findings associated with hepatic steatosis. CS, cold storage; SMP, subnormothermic machine perfusion; SEM, scanning electron microscope.
protect mitochondria from preservation-reperfusion injury.
Another characteristic advantage via SMP was found in the protection of hepatic microcirculation. Macrovesicular steatosis is inherently characterized by the narrowed sinusoidal lumen and resultant increases in intrahepatic vascular resistance as a result of hepatocyte swelling (12, 48) . Moreover, cold ischemia persisting for several hours exacerbates cell/tissue swelling, further increasing the risk of microcirculatory perfusion failure. Additionally, hypothermia harms SECs to a greater extent than it harms parenchymal hepatocytes (49, 50) . Fukumori et al reported that steatotic livers from obese rats are more susceptible to cold preservation injury than lean livers because of SEC deterioration (11) . Consequently, steatotic liver grafts preserved by CS inevitably develop devastating microcirculatory disorders that are strongly correlated with the type and severity of steatosis (13) . In this study, CS-preserved steatotic livers exhibited SEC destruction, concomitant with significantly lower HA clearance. Time-dependent increases in PVP presumably reflect not only progressive cell/tissue edema but also sinusoidal disruption upon reperfusion in CS. Parenchymal damage in zone 3 seems to be a consequence of upstream sinusoidal microcirculatory failure. In contrast, SMP successfully preserved SEC morphology and function, most likely by avoiding cold ischemia during preservation.
Regarding the perfusate composition, blood-based oxygen carriers seem to be necessary in the NMP setting (51); however, the necessity in SMP remains controversial (23, 24, 52) . Moreover, the ideal regimens or compositions of preservation solution for SMP have not been established yet. In this study, we used Polysol containing PEG for maintaining colloid osmotic pressure, various vitamins and amino acids, similar to culture media (30) .
With all these benefits by SMP, HMGB-1 release, widely known as one of the most hazardous DAMPs, from steatotic liver grafts was significantly suppressed down to one-fifteenth (6.3%) of the value observed in CS. Because HMGB-1 release provokes substantial inflammatory response locally and systemically (53) , marked attenuation of such inflammatory cascades by SMP undoubtedly contributes not only to reduce the risk of PNF, but also to improve critically ill conditions during the perioperative period.
This study employed an ex vivo reperfusion model. Performing the study in an isolated setting enabled us to avoid interferences from immunological alloreactions, thereby allowing us to assess organ preservation quality more precisely. However, validation of this novel preservation technique using a liver transplant model is necessary before translating into clinical practice.
In conclusion, SMP preservation successfully protected >50% macrosteatotic livers from preservation/reperfusion injury. Although further investigations are required before clinical translation, this new technique may provide clinicians with the means to successfully protect large amounts of discarded fatty livers from preservation/reperfusion injury and thus to expand the available donor pools.
